The OMS engine is a 6000 lbf thrust, pressure-fed engine with a regeneratively-cooled combustion chamber.
Operating chamber pressure is approximately 140 psia.
Nitrogen tetroxide and monomethyi-hydrazine are used in the OMS engines for orbit insertion, circularization, and deorbit. These hypergolic propellants complicate ground and flight operations due to their toxic and corrosive nature. A proposed alternative propellant combination is liquid oxygen and ethanol.
Before replacing the current fuel with ethanol, the cooling characteristics of ethanol must be determined. Ethanol must be able to cool the chamber as well as, or better than, the monomethyl-hydrazine currently used.
Except for a limited amount of data at heat fluxes lower than those expected in the OMS engine, 2 no cooling data exists for ethanol. Because the ethanol will be subcritical in the coolant passages, it is necessary to determine the critical heat flux at which the ethanol will transition to the film-boiling regime, where wall temperatures can increase rapidly and coolant passage burn-out can occur.
Previous studies of critical heat flux for fluids at high velocity and subcooling conditions have been conducted during the past 40 years using electrically heated tubes. An evaluation of the data from these programs showed that the product of local velocity and local subcooling (VATsuB)
is a good correlating parameter for critical heat flux. 
Test Hardware
The test sections for these experiments were fabricated from 0.125 in. outside diameter by 0.016 in. wall tubes of 304 stainless steel. The total test section length was 30 in.
and was connected to 0.25 in. tubing at the inlet. Of the total length, 2.5, 5.5, or 19.5 in. were heated electrically.
By varying the heated length, the coolant bulk temperature could be varied at a given velocity. A length of 6.5 in. and back pressure set points prior to turning on the electrical heating power supplies. The power was increased in steps until the heat flux approached a predicted value of AIAA-98-1055 critical heat flux. The predicted CHF was determined by extrapolating the dataofreference 2. As data were collected, they were used to improve the prediction.
Within about 30 percent of the predicted CFIF, power was increased slowly, with a pause at each new level to confirm that wall temperatures were still stable. When the experimental critical heat flux was reached, the temperature at one thermocouple (usually at the end of the tube) showed a sharp increase in tube wall temperature. This increase occurred within the one second data collection rate of the system, and was 1000°F or larger in magnitude. The sharp increase in tube wall temperature indicated the drastic reduction in heat transfer coefficient of the fluid as it transitioned to film boiling. Power was lowered as soon as one thermocouple indicated transition, usually before tube failure. For several tests, however, the runaway temperatures caused tube failure before power could be lowered. Figure 3 shows the profiles of fluid outlet temperature, heat flux, and coolant-side wall temperature versus test time for a representative test. The increase in local heat flux after CHF is exceeded is due to an increase of the tube resistance at high temperatures.
Only the local heat flux near the hot spot increases; the average heat flux for the tube remains relatively constant. After the test, the ethanol that was collected in the return tank was pumped back into the supply tank for the next test.
Coolant side wall temperature was calculated from the hot side wall thermocouples using two methods. The 
Coolant Properties
Ethyl alcohol denatured with 5 percent isopropyl alcohol by weight (SDA-3C Ethanol) was used for these tests as defined by the Shuttle OMS/RCS upgrade program. Because even small mole fraction mixtures can significantly affect the boiling characteristics of the coolant, it was important to use the exact ethanol specified by the program for these tests. 7 However, thermophysical
properties were not available for this specific fuel blend.
In lieu of properties for the exact fuel tested, properties for similar coolants as indicated in Periodic samples were also collected and analyzed to verify that the composition of the coolant did not degrade during testing. Therefore, reuse of the fuel was validated.
Results and Discussion
The objective of this investigation was to determine the critical heat flux (CHF) at which flowing ethanol coolant will transition from nucleate boiling to film boiling.
Because exceeding the CHF can result in tube failure, it is considered the limiting heat flux for design of an engine.
A wide range of flow rate, pressure, bulk temperature, and heat flux conditions representative of the conditions in a regeneratively cooled OMS engine cooling passage were tested. The test conditions and results are summarized in table III. A plot of heat flux versus inside tube wall temperature for a typical test is provided in figure 4 . At low heat fluxes, the heat transfer mechanism is forced convection, and the wall temperature rises proportionally with heat flux. As heat flux continues to increase, the curve steepens due to a transition to nucleate boiling. In this regime, the heat transfer coefficient increases dramatically, allowing wall temperatures to remain relatively constant. At the CHF, the wall begins to dry out, and a large wall temperature excursion occurs because the vapor layer on the wall significantly reduces the heat transfer coefficient. As was discussed previously, the large temperature rise and corresponding increase in tube resistance cause the local heat flux to increase as CHF is exceeded. 
where CHF is in BTU/in2/sec and VATsu B is in°F -ft/s. Equation (1) correlates CHF to within + 20 percent.
The data of reference 2 axe also plotted in figure 5 and are in good agreement with the present results. The data in reference 2 were obtained for pure ethanol in a larger diameter tube (0.39 in. inside diameter) and at 29 and 181 psia. The agreement of the data suggests that the presence of 5 percent isopropyl alcohol has little impact on the test results at these pressures. While the difference in tube diameter between these two data sets was not expected to impact the results, CHF may vary if tubes much smaller than those of the present investigation were used. 12
In the tests conducted at pressures above 250 psia or pressures less than 250 psia and flow velocities greater than 60 ft/sec, a number of differences from the cooling behavior in figure 4 occurred as shown in figure 6 . In these cases, a smaller temperature excursion (50 to 200°F) indicated transition from nucleate boiling to an alternate NASAFFM--1998-206612 5
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Test # Test section # AIAA-98-1055 cooling mechanism. The heat flux at this transition was defined as the critical heat flux for these tests, although the alternate cooling mechanism did not appear to be true film boiling. Increasing heat flux beyond the CHF resulted in a period of irregular but steadily increasing wall temperatures. It is possible that this is a transitional cooling mechanism because a heat flux was eventually reached where a second temperature excursion would occur. There were also several other differences from the low pressure tests. Whereas the transition to film boiling at lower pressures typically occurred near the exit of the heated test section, in these cases the transition often occurred at an upstream thermocouple station. This type of behavior at high pressure and high flow rates was also noted in tests discussed in reference 11 with water and R-12, but no cause was determined.
Another unusual phenomenon in the present tests was the onset of high pitched sounds emanating from the test chamber simultaneous with the first, small, temperature excursion.
These sounds generally continued at increased heat fluxes.
The CHF data of figure 5 are replotted in figure 7 along with data collected at higher pressures. The data indicate that the CHF decreases with increasing pressure.
This decrease in CHF may in part be due to the pressure dependence of the correlating parameter VATsu a. However, since pure fluids do not typically exhibit this pressure dependence, it may also be due to mixture effects for the SDA-3C ethanol. Some pressure dependence has been observed for other mixtures, but the cause has not been investigated.
In order to develop a design correlation that is independent of pressure, the ratio of CHF to CHF at 
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While it is desirable to accurately predict CHF at the higher pressures, the heat transfer behavior exhibited "in figure 6 indicates that it may not be critical from a design standpoint. Since the temperature remains relatively stable and within typical material structural limits above the CHF, a cooling passage could be designed to exceed the CHF without risking burnout. Thus, the design limit for the maximum heat flux that can be cooled with the ethanol fuel can potentially be increased to give the designer greater flexibility.
Modified Tong Correlation
The literature was reviewed for other correlations that This publication is available from the NASA Center for AeroSpace Information,(301) 621-0390 13. ABSTRACT(Maximum200 words) Electrically heated tube tests were conducted to characterize the critical heat flux (transition from nucleate to film boiling) of subcritical ethanol flowing at conditions relevant to the design of a regeneratively cooled rocket engine thrust chamber. The coolant was SDA-3C alcohol (95% ethyl alcohol, 5% isopropyl alcohol by weight), and tests were conducted over the following ranges of conditions: pressure from 144 to 703 psia, flow velocities from 9.7 to 77 ft/s, coolant subcooling from 33 to 362°F, and critical heat fluxes up to 8.7 BTU/in.2/sec. For the data taken near 200 psia, critical heat flux was correlated as a function of the product of velocity and fluid subcooling to within + 20%. For data taken at higher pressures, an additional pressure term is needed to correlate the critical heat flux. It was also shown that at the higher test pressures and/or flow rates, exceeding the critical heat flux did not result in wall burnout. This result may significantly increase the engine heat flux design envelope for higher pressure conditions.
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